Abstract -Lifelong therapy with mineralocorticoid receptor antagonists (MRAs) or surgical adrenalectomy are the recommended treatments for primary aldosteronism (PA). Whether these treatments mitigate the risk for kidney disease remains unknown. We performed a retrospective cohort study of patients with PA treated with MRAs (N=400) or surgical adrenalectomy (N=120) and age-and estimated glomerular filtration rate-matched patients with essential hypertension (N=15 474) to determine risk for chronic kidney disease and longitudinal estimated glomerular filtration rate decline. Despite similar blood pressures, patients with PA treated with MRAs had a higher risk for incident chronic kidney disease compared with essential hypertension patients (adjusted hazard ratio, 1.63; 95% confidence interval, 1.33-1.99). Correspondingly, the adjusted annual decline in estimated glomerular filtration rate was greater in PA patients treated with MRAs compared with essential hypertension patients (−1.6; 95% confidence interval, −1.4 to −1.8 versus −0.9; 95% confidence interval, −0.9 to −1.0 mL/min per 1.73 m 2 /y; P<0.001). In contrast, patients with unilateral PA treated with surgical adrenalectomy had no significant difference in risk for incident chronic kidney disease or in an annual decline in estimated glomerular filtration rate compared with essential hypertension patients. Among PA patients with diabetes mellitus treated with MRAs, there was a higher risk for incident albuminuria compared with essential hypertension (adjusted hazard ratio, 2.52; 95% confidence interval, 1.28-4.96). MRA therapy in PA is associated with higher risk for developing chronic kidney disease when compared with essential hypertension, and surgical adrenalectomy may mitigate this risk. When possible, curative surgical adrenalectomy may be superior to lifelong MRA therapy in preventing kidney disease in PA. (Hypertension. 2018;72:658-666.
P rimary aldosteronism (PA), a disorder of renin-independent aldosterone secretion, 1,2 is the most common cause of endocrine hypertension and increases the risk for cardiovascular and renal disease, independent of blood pressure, via excessive activation of the mineralocorticoid receptor (MR). [3] [4] [5] [6] [7] [8] Recent studies suggest that 4% to 19% of patients with hypertension [9] [10] [11] and 3% to 14% of patients with normotension 12, 13 may have PA, thus the global prevalence of patients with unrecognized PA who are at high risk for adverse cardiovascular and renal outcomes is considered to be high. 6 Excessive aldosterone exposure is known to result in progressive renal injury by inducing renal fibrosis, vascular disease, and podocyte injury. [14] [15] [16] Early in the disease process, excessive MR activation in PA results in increased intravascular volume and hyperfiltration as evidenced by an increased estimated glomerular filtration rate (eGFR). 5, 17, 18 Cross-sectional studies suggest that this initial hyperfiltration is followed by a more rapid decline in eGFR and increased albuminuria because of the chronic effects of the aldosterone-MR interaction. 5, 19 Although MR antagonists and surgical adrenalectomy are the expert consensus recommended therapies for PA, 2 whether they adequately preserve GFR and reduce the risk for developing chronic kidney disease (CKD) and albuminuria is not well understood. Prior human studies to evaluate the effect of PA therapies on renal outcomes have been small in size and observed no significant differences in long-term GFR decline or albuminuria progression, suggesting that medical and surgical therapies for PA may be similarly adequate at mitigating the risk for kidney disease in PA. 18, 20 Because of the high prevalence and associated renal morbidity of PA, there is a vital need for large longitudinal studies to examine the comparative efficacies of recommended treatments for PA in reducing the risk for adverse renal outcomes. Recent large cohort studies have shown that even when PA patients are treated with MR antagonists to reduce blood pressure, they have a substantially higher risk for developing cardiovascular events and death when compared with similar patients with essential hypertension and PA patients who undergo surgical adrenalectomy. 8, 21 Herein, we conducted a large cohort study to examine the risk for incident CKD, eGFR decline, and incident albuminuria in patients with PA treated with MR antagonists and surgical adrenalectomy compared with patients with essential hypertension who were of similar age and had comparable baseline eGFR and blood pressure.
Methods
The data and analytic methods that support the findings of this study can be requested from the corresponding author by qualified researchers trained in human subject confidentiality protocols and with institutional ethics board approval. The study procedures comply with the Declaration of Helsinki and were approved by the Partners Healthcare System Institutional Review Board Protocol.
Data Source and Study Cohort
The study cohort was derived from a research registry of all patients at Brigham and Women's Hospital, Massachusetts General Hospital and their affiliated partner hospitals ( Figure 1 ). Eligibility for the study required that patients had to be seen between the years 1991 to 2016 and be ≥18 years of age. Entry into the study was defined as the date of the first follow-up visit, 1 to 6 months after initiating an MR antagonist (for PA patients treated with MR antagonists), after undergoing surgical adrenalectomy (for PA patients treated surgically), or after the diagnosis of essential hypertension was first entered into the medical record (for essential hypertension patients).
The registry was searched for all potential patients with PA using International Classification of Diseases, Ninth and Tenth Revisions (ICD-9 and ICD-10) codes, as well as using the following text search terms: primary aldosteronism, primary hyperaldosteronism, and Conn's Syndrome. Manual medical record review was performed by 2 experts (online-only Data Supplement) to exclude patients whose baseline laboratory criteria were inconsistent with the diagnosis of PA (Figure 1 ). Patients with PA were then categorized by whether they were treated with MR antagonists or surgical adrenalectomy as recommended by The Endocrine Society.
2 PA patients treated with medical therapy were further excluded if they had an eGFR at study entry of <60 mL/min per 1.73 m 2 , had no serum creatinine measurements at least 1 year after initiating MR antagonist therapy, or were not treated with MR antagonists. PA patients treated with surgical adrenalectomy were excluded if they had an eGFR at study entry of <60 mL/min per 1.73 m 2 or had no serum creatinine measurements at least 1 year after undergoing surgical adrenalectomy. There were 400 patients with PA treated with MR antagonist medications and 120 patients with PA treated with surgical adrenalectomy, all without preexisting CKD, included in the study.
The registry was then searched for patients with essential hypertension using ICD-9 and ICD-10 codes while excluding any diagnosis of PA. Essential hypertension patients were excluded if they had an eGFR at study entry of <60 mL/min per 1.73 m 2 , had no serum creatinine measurements at least 1 year after initial ICD-9 or ICD-10 coding for essential hypertension, or were treated with MR antagonist medications. The essential hypertension population was frequency-matched by decade of age and eGFR at study entry to the PA study population treated with MR antagonist therapy. There were 15 474 patients with essential hypertension without preexisting CKD included in the study (Figure 1 ).
Definition of Exposure
For the primary analysis, the main exposure was the diagnosis of PA treated with either MR antagonists or surgical adrenalectomy. The primary comparison group was patients with essential hypertension who were frequency-matched by age and eGFR at study entry to the PA patients treated with MR antagonists. For more detailed explanation on exposure definitions, please see the online-only Data Supplement.
Definition of Covariates
The following covariates at the time of study entry were considered as potential confounders: age, sex, race, history of diabetes mellitus, history of cardiovascular disease (defined as prior myocardial infarction/ coronary revascularization, transient ischemic attack/stroke, or hospitalization for heart failure), eGFR, systolic blood pressure, and angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker use.
Definition of Outcomes
The primary outcome was incident CKD, defined as the combination of a decrease in eGFR to <60 mL/min per 1.73 m 2 , in addition to an overall decline in eGFR of ≥15 mL/min per 1.73 m 2 from the value at study entry. eGFR values were calculated via the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) equation 22 using the serum creatinine measurements closest (±3 months) to the following times after study entry: 1, 2, 3, 4, 5, and 10 years. Secondary outcomes were the longitudinal changes in eGFR and incident albuminuria. We defined albuminuria as a spot urine albumin-to-creatinine ratio ≥30 mg/g. Because albuminuria was not routinely measured in all patients with essential hypertension, the albuminuria analysis was restricted to only patients with diabetes mellitus, where routine measure of albuminuria is standard of practice, and who had a urine albumin-to-creatinine ratio <30 mg/g at study entry (N=26 for PA treated with MR antagonists; N=578 for essential hypertension). Patients with PA treated with surgical adrenalectomy were not included in the albuminuria analysis as there were a small number of eligible patients with diabetes mellitus and a urine albumin-to-creatinine ratio <30 mg/g at study entry (N=5).
Statistical Analysis
The primary analysis investigated the risk for incident CKD between patients with PA treated with MR antagonists or surgery compared with patients with essential hypertension. Secondary analyses investigated (1) the longitudinal change in mean eGFR between these 3 populations; and (2) the risk for incident albuminuria among diabetic patients. We used adjusted Cox regression models (proc PHREG in SAS v9.4, Cary, NC) to estimate adjusted hazard ratios (HRs) and 95% confidence intervals (CIs). The proportional hazard assumption was evaluated by testing significance of the exposure-time interactions in the Cox models. The standardized cumulative incidence of CKD was 1 minus a standardized survival function (proc PHREG baseline statement in SAS v9.4), which was estimated by averaging the estimated individual-specific survival curves based on the multivariate Cox models mentioned above over the distributions of the aforementioned covariates in the cohort. We used this model to calculate differences in standardized cumulative incidence of CKD at 2, 5, and 10 years of follow-up between patients with PA treated with MR antagonists, patients with PA treated with surgical adrenalectomy, and patients with essential hypertension.
For the secondary analysis investigating the longitudinal change in mean eGFR, we used multivariate repeated measures models (proc MIXED in SAS v9.4) to determine differences in the slope of eGFR decline between patients with PA and patients with essential hypertension.
Patients were censored on the date of the specified outcome occurrence or, if they did not develop the outcome, at the date of the final serum creatinine (for the CKD and eGFR analyses) or urine albumin-to-creatinine ratio (for the albuminuria analysis) measurement. All P values are 2-sided.
Results

Patient Characteristics
Compared with patients with essential hypertension, PA patients treated with MR antagonists had, by design, similar age and eGFR at study entry but were more likely to be black, have diabetes mellitus, have preexisting cardiovascular disease, have lower serum potassium, and be prescribed potassium supplementation (Table 1) . PA patients treated surgically were younger, had less preexisting cardiovascular disease, and had a biochemically more severe PA phenotype (Table 1) . At the time of study entry and throughout the duration of the study, the mean baseline blood pressures were comparable between patients with PA and essential hypertension ( Figure 2 ). The number of prescribed antihypertensive medications, not including MR antagonists, was also similar among the groups. Dynamic confirmatory testing was used in the majority of patients, whereas a minority had sufficiently suggestive screening diagnostics to confirm the diagnosis of PA (Table 1) . 2 Adrenal venous sampling was used to make treatment decisions in most surgical patients (83%) but only slightly more than half of medically treated PA patients (55%; Table 1 ).
Risk for Incident CKD
PA patients treated with MR antagonists had a higher rate of incident CKD compared with PA patients treated surgically and patients with essential hypertension (55. 6 Figure 3 ). There was no significant difference in risk for incident CKD comparing PA patients treated surgically with patients with essential hypertension (adjusted HR, 0.71; 95% CI, 0.39-1.30; Figure 3 ). The adjusted 10-year cumulative incidence difference for developing CKD indicated that PA patients treated with MR antagonists had 17.9 (95% CI, 6.5-29.2) excess cases of CKD per 100 people compared with PA patients treated surgically and 11.4 (95% CI, 6.2-16.5) excess cases of CKD per 100 people compared with patients with essential hypertension (Table 2) . These results did not materially change when the analysis was restricted to only PA patients with bilateral PA confirmed by adrenal vein sampling and treated with MR antagonists (N=153) and only PA patients with unilateral PA confirmed by adrenal vein sampling and treated with surgery (N=98; Figure S1 online-only Data Supplement).
Among the PA patients treated with MR antagonists, there was no significant difference in incident CKD (adjusted HR, 1.07; 95% CI, 0.53-2.19]) between those whose first plasma renin activity level, measured at least 1 month after initiating MR antagonist therapy, became unsuppressed (≥1.0 ng/mL per hour; N=43) compared with those whose plasma renin activity level remained suppressed (<1.0 ng/mL per hour; N=104).
Longitudinal Change in Mean eGFR
Although PA patients had an expected higher eGFR before initiation of any treatments, once therapy was initiated at the time of study entry, medical and surgical PA patients and those with essential hypertension had similar mean eGFR measurements (83.5 [16.6] 
Risk for Incident Albuminuria
There was a higher risk for developing incident albuminuria among diabetic PA patients treated with MR antagonists ¶Refers to the first blood pressure recorded 1-6 mo after starting MR antagonist therapy (PA-MR antagonist), undergoing surgical adrenalectomy (PA-surgery), or initial ICD-9/10 coding for essential hypertension (essential hypertension).
#Other antihypertensive medication includes hydralazine, clonidine, α-blockers, nitrates, minoxidil, methyldopa, and direct renin inhibitors. Figure S2 ).
Discussion
Although medical therapy with MR antagonists is generally assumed to be efficacious and is widely used to treat PA, the current study demonstrates that even when PA patients were treated with MR antagonists to achieve similar blood pressures as patients with essential hypertension, they had a 63% higher risk for incident CKD, a faster longitudinal decline in eGFR, and a higher rate of albuminuria among patients with diabetes mellitus. In contrast, when patients with unilateral PA were treated with surgical adrenalectomy, the decline in eGFR and risk for incident CKD were not significantly different from patients with essential hypertension. These findings suggest that the current and officially recommended 2,23 practice of MR Standardized cumulative incidence curve of chronic kidney disease. Solid lines denotes adjusted cumulative incidence; and dashed lines, unadjusted cumulative incidence. Incident chronic kidney disease defined as the combination of a decrease in estimated glomerular filtration rate (eGFR) to <60 mL/min per 1.73 m 2 in addition to an overall decline in eGFR of ≥15 mL/min per 1.73 m 2 from the value at study entry. Hazard ratio (HR) adjusted for, and cumulative incidence curve standardized to the distribution of, the following variables at the time of study entry in our cohort: age, sex, race, diabetes mellitus, cardiovascular disease, eGFR, systolic blood pressure, and angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker use. EH indicates essential hypertension; MRA, mineralocorticoid receptor antagonist; and PA, primary aldosteronism.
antagonist therapy to block the effects of aldosterone in PA may not adequately mitigate the excess risk for adverse renal outcomes. In contrast, surgical therapy targeted to eliminate the source of autonomous aldosterone excess is associated with the same risk for kidney disease as comparable patients with essential hypertension.
There are several other clinical lessons that are suggested in these findings. First, the hyperfiltration in untreated PA may give clinicians the false security that their patients have normal kidney function; treatment of PA with MR antagonists or surgery rapidly unmasks underlying reductions in eGFR to reveal that many PA patients have much poorer kidney function than initially perceived (Figure 4) . Second, because the medical treatment of PA with MR antagonists is associated with a risk for hyperkalemia, 24 rapid longitudinal declines in eGFR may force clinicians to decrease MR antagonist doses to avoid hyperkalemia, thus resulting in a vicious cycle of inadequate aldosterone blockade and a higher risk of MR-mediated kidney disease. Third, the current findings again highlight the deleterious effects of aldosterone excess and MR activation on the kidney at the patient-level. 5, 14, 15, 17, 19 Finally, because these findings suggest that reliance on lifelong MR antagonist therapy in PA may not adequately prevent kidney disease, they should trigger a broader conversation on how to candidly counsel PA patients who choose to undergo medical therapy about the efficacy and future risk associated with this decision and on the design of new studies and guidelines to address whether surgical adrenalectomy should be considered more frequently.
Before this study, there had been a paucity of literature on the effectiveness of MR antagonists and surgical adrenalectomy in reducing the incidence of adverse renal outcomes. Sechi et al 18 performed the most influential study in this regard, a prospective study of 50 patients with PA treated with either spironolactone or surgical adrenalectomy and 100 patients with essential hypertension with similar blood pressures and measured longitudinal trends in GFR and albuminuria. 18 The study showed that GFR and albuminuria declined in the 6 months after treatment initiation, presumptively because of reversal of the hyperfiltration effect in untreated PA, with a subsequent rate of change in GFR and albuminuria that was not significantly different between patients with PA and patients with essential hypertension. 18 Although one interpretation of these findings was that treatment of PA, with either MR antagonists or surgery, resulted in similar renal outcomes as comparable essential hypertensives, notable limitations included the small sample size and aggregation of medical and surgical treatments of PA rather than comparing their renal outcomes separately, as we did.
In this regard, our current findings represent a substantial advance from prior studies. The previous lack of large, robust longitudinal data assessing the effectiveness of MR antagonists and surgical adrenalectomy on renal outcomes in PA has limited the ability to make specific recommendations on the optimal treatment approach in PA. It has remained unclear whether, in patients with PA with disease amenable to surgical treatment, adrenalectomy improves long-term outcomes compared with MR antagonist use. Our prior study investigating cardiovascular outcomes in PA showed that surgical therapy for PA was associated with significantly lower risk of cardiovascular outcomes and death when compared with PA patients treated with MR antagonists. 8 Collectively, these findings suggest that when a patient with PA has unilateral disease that is amenable to cure with surgery and is healthy enough to undergo surgery, adrenalectomy is the optimal treatment to improve long-term health outcomes. In contrast, treatment of PA with MR antagonists may not adequately lower the risk of adverse renal outcomes when compared with similar patients with essential hypertension. Whether this is because of inadequate blockade of the MR with MR antagonist medications (eg, inadequate dosing), inability to maximally titrate MR antagonists because of declining eGFR, lack of compliance with medications, or other reasons could not be directly assessed in our study. In the context of these findings, it may be worth considering whether unilateral adrenalectomy to attenuate the severity of PA in patients with bilateral disease might be an effective approach; future studies dedicated to this objective would be needed to ascertain how best to mitigate renal risk in PA patients with bilateral adrenal disease.
It should be noted that in our prior study on cardiovascular outcomes in PA, achieving an unsuppressed renin activity level during MR antagonist therapy was associated with a substantially lower risk for adverse cardiovascular outcomes compared with having a persistently suppressed renin activity level, an observation suggesting that a rise in renin may serve as a biomarker for sufficient volume contraction and MR blockade. 8 In contrast, the current study showed no association between renin activity and incident CKD. The most obvious explanation for this discrepancy is the intimate and paradoxical physiological connection between the exposure of renin activity and the renal outcomes that relied on eGFR. Untreated PA results in volume expansion, renin suppression, hyperfiltration, and higher eGFR; in contrast, adequate treatment of aldosterone excess may abrogate the volume expansion and hyperfiltration and can result in a rise in renin but a decline in eGFR. Thus, the nature of this interdependent relationship, in addition to the small sample size of patients with longitudinal renin measurements and potential heterogeneity in MR antagonist responses over time, may have limited the ability of renin activity to serve as a useful biomarker for renal outcomes.
Our results must be interpreted within the context of the study design. First, this study was observational. Although blood pressure, medication use, and other risk factors were similar at the time of study entry and our models adjusted for important confounders, there might still be residual confounding and misclassification. Second, our observational study design did not prospectively control blood pressure in each exposure group and could not completely account for the severity and duration of hypertension before study entry. However, once either medical or surgical therapy was initiated at study entry, blood pressure control and use of non-MR antagonist antihypertensive medications were comparable between PA and essential hypertension patients, the longitudinal blood pressure control was comparable, and our models adjusted for the treated blood pressure at study entry. Third, the PA patients who received surgical therapy were on average 6 years younger than those with essential hypertension; however, other risk factors (including body mass index, baseline eGFR, and baseline blood pressure) were comparable, and our models were adjusted for age. Fourth, eGFR is an imperfect marker of kidney disease as its magnitude is influenced by other variables, such as hemodynamic effects from volume expansion/hyperfiltration which was demonstrated by the substantial initial decline in eGFR in PA patients after starting MR antagonist therapy or undergoing surgical adrenalectomy.
However, PA patients did not enter into our study until after starting MR antagonist therapy or undergoing surgical adrenalectomy, and our data still demonstrate longitudinal and persistent differences in eGFR trends between patients with PA and essential hypertension. Fifth, a recent expert consensus study proposed criteria for classifying surgical cure of PA; however, our study did not have sufficient power or consistent information throughout the study period, to evaluate the clinical relevance of these criteria on renal outcomes. 25 Finally, the methodology of comparing treated PA patients with essential hypertension patients can be debated because this approach includes indication bias by treatment and different underlying pathologies. However, our study design was limited by the current standard of care practices dictated by expert guidelines 2 and prioritized the assessment of renal outcomes, independent of blood pressure, when treatment was directed to block aldosterone, versus eliminate the source of aldosterone, versus having no excess aldosterone. In this regard, our findings have direct implications for the current recommended practices in PA.
Perspectives
PA is characterized by autonomous aldosterone secretion that results in excessive MR activation and earlier and more prominent renal damage compared with essential hypertension. 5, 14, 15, 17, 19 Lifelong MR antagonist therapy or surgical adrenalectomy are the expert consensus recommended treatments for PA; however, this study demonstrates that even when patients with PA are treated with MR antagonists to achieve similar blood pressure control, they have a more rapid decline in eGFR, higher incidence of CKD, and an increased incidence of albuminuria among patients with diabetes mellitus, when compared with similar patients with essential hypertension. In contrast, surgical adrenalectomy to cure PA is associated with no significant differences in eGFR decline or CKD incidence compared with essential hypertension. When possible, surgical adrenalectomy to attenuate or cure hyperaldosteronism may be superior to MR antagonist therapy in mitigating the risk for kidney disease. Future studies should investigate new approaches to improving the efficacy of MR antagonist therapy or reconsidering the indications for using surgical adrenalectomy.
